Leftin A, Degani H, Frydman L. In vivo magnetic resonance of hyperpolarized ͓ 13 C1͔pyruvate: metabolic dynamics in stimulated muscle. Am J Physiol Endocrinol Metab 305: E1165-E1171, 2013. First published September 10, 2013; doi:10.1152/ajpendo.00296.2013.-The metabolic status of muscle changes according to the energetic demands of the organism. Two key regulators of these changes include exercise and insulin, with exercise eliciting catabolic expenditure within seconds and insulin enabling anabolic energy investment over minutes to hours. This study explores the potential of time-resolved hyperpolarized dynamic 13 C spectroscopy to characterize the in vivo metabolic phenotype of muscle during functional and biochemical insulin-induced stimulation of muscle. Using [
muscle metabolism; dynamic nuclear polarization; magnetic resonance spectroscopy; insulin tolerance test; electrical muscle stimulation MAGNETIC RESONANCE SPECTROSCOPY (MRS) in combination with stable isotope administration is one of the premiere techniques used for in vivo metabolic phenotyping in basic research, preclinical, and clinical settings. A major recent development in the field of MRS involves the use of dynamic nuclear polarization (DNP) of stable isotope-labeled markers. This hyperpolarization process bypasses the inherent low sensitivity of 13 C isotope tracers and has been shown to provide upwards of 10 4 signal enhancements (3), enabling fast detection of 13 C-labeled metabolites in vivo. These unprecedented signal gains have, for the first time, allowed measurements of metabolic fluxes in near-real time using MRS and in this fashion have provided metabolic windows into (17) in cancer (1, 20, 22) , cardiovascular (33) , and hepatic research (27) .
Identifying unique in vivo biomarkers in muscle using hyperpolarized 13 C stable isotope MRS is an important and unrealized goal that could enable preclinical and clinical investigation of metabolic muscle homeostasis and disease. In this study, we explored the potential of hyperpolarized [ 13 C 1 ]pyruvate (23) as tracer to access initial rates of multiple metabolic pathways under biochemical and physical stimulation of muscle. The hyperpolarized [ 13 C 1 ]pyruvate acts as a classical isotope tracer, albeit with a finite lifetime of the observable signal, that reports on the state of the prepared metabolic system by probing intracellular transport and initial forward rates of 13 C 1 label conversion of the substrate to labeled products, as determined by the enzyme-mediated flux between metabolite pools. Toward this end, we chose two paradigmatic stimulators of anabolic and catabolic muscle metabolism, insulin and exercise, respectively. These metabolic cues elicit the anabolic or catabolic responses by changing the flux of metabolites and triggering protein signaling events that can affect metabolic rates. Since MRS using stable isotope polarization is an emerging physiological technique, our primary aim in performing these manipulations was to 1) test whether the regulatory influence of these stimuli on metabolite transport could be used to increase intracellular hyperpolarized tracer availability and 2) monitor changes of intracellular fluxes and kinetic responses to define in vivo signatures representative of canonical anabolic and catabolic fates.
Hyperpolarized 13 C-MRS of pyruvate could provide a window into the metabolic fates in skeletal muscle, thanks to its unique positioning at the branching point of multiple metabolic pathways, as shown in Fig. 1 (34) .
Over the course of this study, DNP-enhanced 13 C-MRS revealed significant muscular metabolic responses during insulin tolerance tests and upon varying durations of functional electric stimulation of both sciatic nerves. Increases in muscle utilization of [ 13 C 1 ]pyruvate were observed via changes in metabolite-to-total carbon ratios (MtoC) for functional and insulin stimulation; intracellular transport of this glycolytic product and AA precursor increased even within just a few seconds of the electric stimulus. Additional evidence of enhanced glycolytic metabolism stems from the kinetic rates of ]alanine rates changed progressively, reaching increases of threefold during the insulin tolerance test, but increased only slightly and thereafter remained constant for different durations of functional stimulation. We show that the difference in metabolic response can be related to the kinetic branching behavior of the hyperpolarized pyruvate tracer between glycolytic and AA pathways. This dynamic indicator gauges the ability of muscle to direct metabolic flux between anabolic and catabolic fates, depending on the instantaneous metabolic requirement.
MATERIALS AND METHODS

Magnetic resonance experiments.
In vivo magnetic resonance imaging and spectroscopy were conducted on a 4.7-T (30-cm bore) spectrometer system (Biospec; Bruker). A double-resonance 20-mm 1 H/ 13 C surface coil probe was used. 1 H gradient echo reference images were obtained to confirm positioning of the animal for detection of hindlimb skeletal muscle (including vasti, soleus, and gastrocnemius muscles) once the animal was secured on the surface coil bed. Dynamic 13 C spectra were acquired for 256 sequential acquisitions (2,048 time domain points per acquisition, over a 10-kHz spectral bandwidth), with an interscan repetition of 1 s and a broadband radio frequency pulse flip angle of 15°. Each time trace was zero-filled to 4,096 points, Fourier transformed, processed with a Gaussian apodization using the manufacturer's software (Paravision 4.0; Bruker), and further analyzed using Matlab (Mathworks) routines.
DNP. Hyperpolarization of [ 13 C1]pyruvic acid (Sigma Isotec) codissolved with OXO-63 radical (GE HealthCare) at a ratio of 58:1 wt/wt and was conducted at 95 GHz with 50 mW of microwave power in a Hypersense polarizer (GE HealthCare), operating at 1.5 K and yielding solid-state enhancements of ϳ8,000-fold with average buildup times of 725 s. Hyperpolarized samples transferred directly to the imaging magnet had solution state spin polarizations of ϳ22%.
Animals. Animal protocols and maintenance were in accordance with the guidelines of the Committee on Animals of the Weizmann Institute of Science and were approved by this committee. Female 8-wk-old ICR mice were maintained in nonreversed light conditions and provided with standard chow and water ad libitum prior to the experiments.
Insulin tolerance tests. Animals were anesthetized during feeding hours (6 PM to 12 AM) with 50 mg/kg pentobarbital sodium, and the tail vein was cannulated. Animals were secured in the magnet and maintained with 1-2% isoflurane in O 2 at 1 l/min. Insulin tolerance tests were initiated with a 100-l intraperitoneal injection of 0.3 U/kg human insulin (Sigma) injection. Hyperpolarized tracer experiments were conducted on the statistical cohort by making individual measurements on separate animals for control 0 min, 15 min, 30 min, and 60 min post-insulin injection (n ϭ 4/time point) using 300-l doses of 60 mM [ 13 C1]pyruvic acid dissolved in pH Ϸ 7.6 buffer containing 60 mM NaOH, 40 mM Trizma-PreSet, pH ϭ 7.6, 0.1 g/l EDTA, and isotonic NaCl. Plasma-based insulin tolerance tests were conducted by tail sampling of blood glucose of the anesthetized animal with a blood glucose meter (AccuCheck) following insulin injection at the same time intervals used in the hyperpolarized experiments.
Electrical stimulation of sciatic nerve. Muscular function was implemented via electrical nerve stimulation (26) . To this end, animals were anesthetized during feeding hours (6 PM to 12 AM) with 70 mg/kg pentobarbital sodium. The sciatic nerves of the hindlimbs were exposed by small surgical incisions. Hooked cathode leads were fastened around the nerve, and the incision was closed by suture tape. Anode leads were then inserted into the hindfoot pads and secured. The tail vein was cannulated, and the animal was fixed in position in the magnet and maintained with 1-2% isoflurane in O 2 at 1 l/min. The supramaximal electrical stimulation paradigm consisted of 10-millisecond trains of 200-microsecond square pulses played at a repetition frequency of 10 Hz with a positive amplitude of 15 V. Stimulation was applied for durations of 15, 30, and 90 s, and hyperpolarized experiments were conducted on the statistical cohort by making individual measurements on separate animals before (t ϭ 0) and immediately following the stimulation for each time point (n ϭ 4/time point) using 300-l doses of 60 mM [
13 C1]pyruvic acid dissolved in pH Ϸ 7.6 buffer containing 60 mM NaOH, 40 mM Trizma-PreSet, pH ϭ 7.6, 0.1 g/l EDTA, and isotonic NaCl.
Magnetic resonance spectral analysis. Metabolite peaks observed in each spectrum were integrated by trapezoidal numeric approximation of the exact integral using Matlab (Mathworks) over their respective spectral frequency band. The total area per spectrum was found by summing the total metabolite peak areas. The normalized MtoC ratios for each metabolite were determined per spectral acquisition and also for summations of all spectra acquired per experiment by dividing each metabolite peak integral area by the total carbon integral area.
Kinetic rates I: Bloch equations analysis. The time rate of change of the integral areas of each metabolite follows the change of longitudinal magnetization of [ These coupled differential equations depend on the spin lattice relaxation rate for each metabolite R1, the pulse flip angle p, the interscan repetition time TR, and the metabolic rate k for the forward conversion of Pyr to Lac kLac and from Pyr to Ala kAla. Their differential form is Notice that solely unidirectional reaction kinetics are considered, given the large excess of the [ 13 C1]pyruvate precursor. These equations were solved, and kinetic data (normalized by the initial Pyr signal) was fit either by using numerical minimizations against the coupled set of differential equations or by fitting their analytic solutions in Matlab.
Kinetic rates II: initial rate analysis. The normalized MtoC ratios were also used to calculate the rates during the initial 30 s following injection of [ 13 C1]pyruvate. The kinetic curves calculated in this interval follow monoexponential behavior, which is characteristic of a noncompetitive parallel rate law (4). In the approximation that the nuclear spin relaxation rates (R 1) of all hyperpolarized magnetizations are equal in this initial time frame, and that so are the pulse flip angle p and the TR-dependent contributions, the only factor influencing MtoC ratios becomes the metabolic rates kLac and kAla. Indeed, in such a case the coupled set of equations (Eqs. 1-3) can be simplified to
Initial kinetic rates were also obtained in this fashion either by numerical minimizations or by fitting analytical solutions of Eqs. 4 -6 to the experimental data using Matlab.
RESULTS
In vivo hyperpolarized 13 C-MRS characterizes metabolic changes in stimulated skeletal muscle. Tracer experiments of hyperpolarized [ 13 C 1 ]pyruvate enable the measurement of the metabolic processes depicted in Fig. 1 for muscle subject to chemical (insulin) or functional (electrical) stimulation. Representative spectra evidencing this are shown in Fig. 2 . These traces are shown for control animals (Fig. 2, top) , following 30 min of insulin action (Fig. 2, middle) , or following 30 s of supramaximal sciatic nerve stimulation (Fig. 2, bottom) Integral areas were calculated for the shaded frequency bands shown in Fig. 2 to quantify the evident changes visible in the spectra, and MtoC ratios were calculated using these integrals obtained over the course of the tracer experiment. First, we compared MtoCs with changes of blood glucose during standard insulin tolerance tests (5) conducted under the same experimental conditions. Insulin tolerance tests have determined that the hormone has a plasma half-life of ϳ15 min (11) , suggesting that response extremes should be observed at ϳ30 min postinjection. Indeed, Fig. 3 shows that there is a relative change of blood glucose as well as [ cantly different time scale. These DNP MRS results suggest that the pyruvate tracer consumption increases with stimulation of intracellular flux. This is substantiated by previous in vivo 31 P measurements using the same exercise paradigm (26) reporting that the first 30 s of this stimulation lead to depletion of the phosphocreatine pool and steady-state ATP reserve, thereby necessitating increases in the glucose pool to provide metabolic fuel to the tissue. Interestingly, alanine and lactate MtoCs in this functional stimulation do not obey similar trends as for insulin; whereas for lactate a stepwise increase is observed for 15 and 30 s, reaching a plateau at 90 s, alanine exhibits little variation for the all durations. These tissue-specific in vivo muscle measurements show that metabolite pools of both lactate and alanine can populate in proportion to the available intracellular [ In vivo kinetic analysis shows similar poststimulus rates for pyruvate metabolism and lactate synthesis but differences in alanine synthesis. A main advantage of hyperpolarized 13 C-MRS experiments is that kinetics of metabolic pathways become amenable to measurements in a near-real-time fashion. This aspect is crucial for recording tissue-specific metabolic responses, for instance, in this case muscular responses to insulin and function, because such stimuli can cause changes that are dynamic over short time scales. This precludes the use of standard in vivo techniques, including MRS methods (7) that have thus far provided insight into [ (Fig. 5, top) , after 30 min of insulin dosing (Fig. 5, middle) , and following 30 s of sciatic nerve stimulation (Fig. 5, bottom) Figure 6 illustrates the changes undergone by these rates as a function of the insulin and functional stimulation times. These rate changes follow the same trends as observed for the MtoC values. The changes of metabolic rates suggest that intracellular flux of the pyruvate substrate has increased for both stimuli. For insulin, this contributes to significant threefold increases in alanine, and lactate metabolic rates are observed. Similarly, for functional stimulation, lactate metabolism increases progressively and reaches sixfold over control. In contrast with insulin, however, rates of alanine metabolism are increased but remain nearly constant for the exercise durations considered.
Branching behavior of the initial rates observed by 13 C-MRS reflects the metabolites' anabolic and catabolic fates. Whereas our experiments show that during insulin stimulation glycolytic and AA production are similarly changed to accommodate the increased availability of metabolic fuel, muscular exercise appears to favor glycolysis at the expense of alanine synthesis. Such differences are reflected in the dynamic changes observed Statistical significance (*P Ͻ 0.05) for differences in time points with respect to control was determined using a 2-tailed t-test (n ϭ 4/measurement).
for kinetic rates of pyruvate-to-lactate and pyruvate-to-alanine conversion. In this sense, both Figs. 4 and 6 show that the routing of pyruvate between glycolytic and AA pathways is changed during these anabolic and catabolic model responses. However, although suggestive of a metabolic switch that is of biological origin that genuinely reflects system regulation of metabolic tracer fate, as has been observed in in vitro assays (2, 6), another possibility arises; i.e., the depopulation of the alanine pathway in the functional test could also be an artifact of the tracer experiment that results from a reduced availability of pyruvate due to a greatly increased lactate production.
To discriminate between these two alternatives, kinetic traces recorded during the first 30 s following tracer injection were analyzed according to parallel rate laws introduced in Eqs. 4 -6 , and initial rates were determined. These normalized models, which factor out common relaxation decays, lead to the best fits of the experimental data shown in Fig. 7A (Fig. 7A, top) , at 30 min postinsulin (Fig. 7A, middle) , and post-nervous stimulation for 30 s (Fig. 7A, bottom) . The discriminating feature between a parallel, noncompetitive rate law and competitive behavior is given by the branching ratio between lactate-and alanine-generating reaction rates. For a noncompetitive case, the ratio of the lactate-to-alanine MtoC exhibits a positive slope, as observed in the experimental data, whereas for a classical parallel competitive system, the branching ratio is strictly constant (slope ϭ 0) over the course of the kinetic experiment. Experimentally, we observed that the pyruvate is consumed at a rate determined by its metabolism to lactate and alanine, whereas the monoexponential buildup of lactate and alanine is determined by the initial forward rate of each metabolic reaction independently, leading to a positive slope. Thus, on the basis of the results observed in Figs. 7A, we conclude that the initial rates measured represent legitimate markers, distinguishing between anabolic and catabolic fates in vivo. Figure 7 , B and C, complements this information by depicting the evolution of these branching dynamics as a function of the time elapsed after insulin dosing or functional stimulation duration. As shown in Fig. 7B , the ratios of lactate to pyruvate and of alanine to pyruvate, as well as the branching of pyruvate between lactate and alanine, remain nearly constant over the course of the insulin tolerance test. By contrast, as shown in Fig. 7C , the exercise paradigm differentially affects the ratios of these rates, with lactate-to-pyruvate and lactate-to-alanine ratios increasing and alanine-to-pyruvate ratio decreasing. These specific changes suggest that exercising muscle favors the routing of metabolic fuel toward catabolic generation of energy as the glycolytic end point lactate rather than alanine.
DISCUSSION
This study demonstrates for the first time that quantitative kinetics can be measured in vivo for skeletal muscle during rest, under hormonal stimulation, and following nerve stimulation mimicking exercise for multiple metabolic reactions using the enhanced sensitivity afforded by hyperpolarized [ 13 C 1 ]pyruvate MRS. In addition to the signal gains achieved, a key advantage of hyperpolarized 13 C spectroscopy is that it enables kinetic rates to be measured in real time; for our experiments, 30 s of tracer measurement was sufficient to determine the unidirectional rates for the enzyme-mediated metabolism of [ 13 C tracers, since acute response to metabolic challenge and repeated kinetic rate determinations are now achievable during protocols that have been previously been restricted to long measuring times due to the low sensitivity of the conventional 13 C experiment. Muscle stimulation enables tracer transport and affects intracellular metabolic flux. Muscle metabolism requires an influx of precursor metabolites to fuel the tissue's energy requirements. Muscle tissue is the main consumer of glucose, and both exercise and insulin facilitate the entry of this metabolic fuel via translocation of vesicular glucose transporters, primarily GLUT4, to the cell membrane (13, 24) . Similarly, monocarboxylate (10, 29) and amino acid (32) transporters are activated by both stimuli, facilitating the influx of metabolic fuels and the efflux of metabolic products from muscle cells. Especially important for functional stimulation is blood flow (19) that can increase availability of metabolites to muscle tissue. Consideration of these physiological responses in the context of hyperpolarized 13 C-MRS suggested that not only could we utilize the method to provide near-real-time metabolic rates, but also, we could explore the possibility of using hormonal and functional stimulation to increase the rate of Statistical significance (*P Ͻ 0.05) for differences in time points with respect to control was determined using a 2-tailed t-test (n ϭ 4/measurement).
tracer transport since this is a potentially rate-limiting step for both signal detection and observation of metabolic reactions. Indeed, changes in the areas of the hyperpolarized [ 13 C 1 ]pyruvate signals show that conditionally dependent fluxes can be initiated under stimulation that must initially be regulated by transporters on the seconds-to-minutes timescale.
Regulation of the influx and efflux of metabolites within glycolytic, the tricarboxylic acid cycle, and amino acid synthesis routes (16, 21, 32 ) is ensured by translation, phosphorylation events, and enzymatic cofactors. During the insulin tolerance test, phosphorylation events in the PI3K/mTOR/Akt signaling pathway (12, 18) stimulate anabolic muscle metabolism to provide mainly for storing glucose as glycogen and ATP production via aerobic glycolysis and the TCA cycle as well as synthesis of amino acids for sustaining biomolecular assembly and liver gluconeogenesis (12) . Anabolic stimulation by insulin causes parallel increases of LDH and ALT flux, as indicated by the trend in the metabolic rates for the hyperpolarized 13 C 1 tracer. For exercise that can be carried out through functional electrical stimulation of sciatic nerve, the metabolic system responds by coupling AMPK activation to changes in the AMP/ATP equilibrium (30, 31, 36) . This upregulates glycolytic catabolism (36) and downregulates fatty acid inputs into the TCA cycle (8) 
CONCLUSIONS
This study demonstrates that metabolic response to functional exercise and hormonal stimulation of skeletal muscle is detectable nearly in real time using in vivo hyperpolarized 13 C spectroscopy. These functional and insulin stimulations of muscle cause marked and highly significant changes to multiple metabolic reactions, providing anabolic and catabolic biomarkers within a 30-s experiment. The instantaneous changes caused by metabolic challenge that are observable in the hyperpolarized 13 C experiments reflect regulation events governing metabolic transport and initial-rate kinetics. The kinetic responses and dynamic branching behavior probed by hyperpolarized [ 13 C 1 ]pyruvate can be used to gauge the metabolic sensitivity of the organism and lend insight into systems changes caused by the onset and progression of metabolic syndromes. To this end, we are currently pursuing such metabolic data for genetically modified animals, exploring additional 13 C substrates to extend our reach to TCA and fatty acid metabolic processes, and developing spectroscopic and imaging techniques that efficiently use hyperpolarized signals.
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